Adipose tissue may represent a potential source of adult stem cells for tissue engineering applications in veterinary medicine. It can be obtained in large quantities, under local anesthesia, and with minimal discomfort. In this study, canine adipose tissue was obtained by biopsy from subcutaneous adipose tissue or by suction-assisted lipectomy (i.e., liposuction). Adipose tissue was processed to obtain a fibroblast-like population of cells similar to human adipose-derived stem cells (hASCs). These canine adipose-derived stem cells (cASCs) can be maintained in vitro for extended periods with stable population doubling and low levels of senescence. Immunofluorescence and flow cytometry show that the majority of cASCs are of mesodermal or mesenchymal origin. cASCs are able to differentiate in vitro into adipogenic, chondrogenic, myogenic, and osteogenic cells in the presence of lineage-specific induction factors. In conclusion, like human lipoaspirate, canine adipose tissue may also contain multipotent cells and represent an important stem cell source both for veterinary cell therapy as well as preclinical studies.
INTRODUCTION
Successful transplantation of canine adipose-derived stem cells (cACSs) in dogs was reported by Li et al. (12) and Black et al. (1). However, these manuscripts A promising application in the emerging field of veterinary regenerative medicine and surgery is cell ther-lacked the full characterization of the administered cell population. Here we report the isolation, characteriza-apy, rendering the isolation and characterization of stem cells from a variety of sources areas of great interest. tion, and multilineage differentiation potential of cASCs from subcutaneous adipose tissue by liposuction and bi-An abundant and accessible source of stem cells is adipose tissue. These cells, called adipose-derived stro-opsy procedures. mal cells (ASCs), are fibroblast-like cells capable of MATERIALS AND METHODS multipotential differentiation, which have been found in different species (4, 27, 29, 35) . Several groups have All experimental protocols were approved by the ethics committee on animal use from the Institute of Biosci-demonstrated that human mesenchymal cells within the stromal-vascular fraction (SVF) of subcutaneous adipose ences, University of São Paulo. For this study, adipose tissue was collected from normal golden retriever dogs tissue [processed lipoaspirate (PLA) cells] are capable of differentiation in multiple lineages, including myo-from the Brazilian Colony of Golden Retriever Muscular Dystrophy, Faculty of Veterinary Medicine and Zoo-cytes, in the presence of lineage-specific inductive media (2,5,8-10, 15, 16, 19, 20, 22, 23, 25, 34, 35) . tecny, University of São Paulo. Subcutaneous adipose tissue was collected from the area over the dorsal gluteal In humans, ASCs for autologous transplantation are isolated relatively quickly from adipose tissue by colla-muscles of 10 dogs (aged 4 months to 4 years). genase digestion (6). We have recently shown that ASCs Adipose Tissue Harvesting from human subcutaneous fat were able to differentiate in adipogenic, osteogenic, chondrogenic, and myogenic Dogs were sedated upon intramuscular (IM) injection with meperidine (2 mg/kg) and acetylpromazine (0.05 lineages and produce human muscle proteins in vitro and in vivo (30, 31) . mg/kg). The area over the dorsal gluteal muscles was 280 VIEIRA ET AL.
asceptically prepared, and skin and subcutaneous tissues debris and seeded in tissue culture plates (NUNC) at 1,000-3,500 cells/cm 2 in DMEM-HG 10% FBS. Cul-were desensitized by local infiltration of 2% lidocaine ( Fig. 1A) . A 0.5-1.0-cm incision was made parallel to tures were washed with PBS 24-48 h after plating to remove unattached cells and fed with fresh media. the vertebral column. The liposuction procedure was performed by injecting infiltrate containing the vasocon-
The cultures were maintained at 37°C with 5% CO 2 in growth media (GM-DMEM-HG 10% FBS). When strictor epinephrine. Then adipose tissue was removed from the subcutaneous space by means of blunt-tip hol-they achieved about 70% confluence, the cells were trypsinised (0.025%, Invitrogen) and plated at a density low cannula attached to a syringe at negative pressure ( Fig. 1B) . About 15 ml of adipose tissue was harvested of 5,000/cm 2 . Cultures were passaged repeatedly after achieving a density of 70-80%. The remaining cells over the superficial gluteal fascia for immediate cASC isolation and the skin incision apposed with nylon su-were cryopreserved in cryopreservation media (10% dimethylsulfoxide, 10% DMEM-HG, 80% FBS), frozen at tures (Fig. 1C ). Adipose tissue biopsies were performed under local anesthesia. A 1-2-cm incision was made and −80°C in an isopropanol-jacketed closed container, and stored in liquid nitrogen the next day. the subcutaneous adipose tissue was collected ( Fig. 1D ) and the incision was closed with nylon sutures (Fig .1E ).
Multilineage Differentiation cASC Isolation and Expansion
Cells were analyzed for their capacity to differentiate into adipogenic, chondrogenic, osteogenic, and myo-Cells were isolated using modified methods pregenic lineages as described in Zuk et al. (35) . viously described (7). Briefly, the adipose tissue was washed extensively with equal volumes of PBS contain-Adipogenic Differentiation. Subconfluent cells were cultured in GM supplemented with 1 µM dexametha-ing antibiotics (100 U/ml of penicillin and 100 g/ml of streptomycin). The infranatant containing hemopoietic sone (Sigma), 500 µM 3-isobutyl-1-methyl-xanthine (IBMX, Sigma), 60 µM indomethacin (Sigma), and 5 cells suspended in PBS was removed. Then the tissue was dissociated with 0.075% collagenase (Sigma) for 15 µg/ml insulin (Sigma). Adipogenic differentiation was confirmed on day 21 by intracellular accumulation of min. Enzyme activity was neutralized with Dulbecco's modified Eagle's media-high glucose (DMEM-HG; lipid-rich vacuoles stainable with Oil Red O (Sigma). For the Oil Red O stain, cells were fixed with 4% para-Gibco) containing 10% FBS (Gibco). The infranatant was centrifuged at 1200 × g for 5 min to pellet the cells.
formaldehyde for 30 min, washed, and stained with a working solution of 0.16% Oil Red O for 20 min. The cells from the pellet SVF were filtered to remove Chondrogenic Differentiation. Subconfluent cells were temperature. After incubation, cells were washed three times with PBS and resuspended in 0.25 ml of cold PBS. cultured in chondrogenic differentiation medium consisting of DMEM-low glucose supplemented with 100
Cell viability was accessed with Guava ViaCount reagent (Guava Technologies). nM dexamethasone, 50 µM ascorbic acid-2 phosphate (Sigma), 1 mM sodium pyruvate (Gibco), 10 ng/ml cASCs were incubated with the following primary antibodies: CD13-PE, CD29-PECy5, CD31-PE, CD34-TGF-β1 (R&D Systems), and 1% ITS-Premix (Becton Dickinson). Medium was changed every 3-4 days, and PE, CD44-FITC, CD45, CD73, CD90-PE, CD105 e CD117-PECy5 (Becton Dickinson). The following anti-cells were fixed on day 21 with 4% paraformaldehyde (PFA). Chondrogenesis was demonstrated by staining bodies have been raised against human cells: CD13, CD71, and CD105. Unconjugated markers were treated with toluidine blue and immunofluorescence using anticollagen type II antibody (1:100, Abcam).
with anti-mouse PE secondary antibody (Guava Technologies). Osteogenic Differentiation. To promote osteogenic Flow cytometer settings were established using undifferentiation, subconfluent cells were treated with GM stained cells. Cells were gated by forward scatter to supplemented with 50 µM ascorbate-2 phosphate, 10 eliminate debris. To eliminate the possible autofluores-mM β-glycerophosphate (Sigma), and 0.1 µM dexacence of cASCs, we removed the contribution of unsmethasone for 21 days. Osteogenesis was demonstrated tained cells in the measurement channel. A minimum of by accumulation of mineralized calcium phosphate as-10,000 events was counted for each analysis. sessed by von Kossa stain. Briefly, cells were stained with 1% silver nitrate (Sigma) for 45 min under ultravio-RNA Isolation and Reverse Transcriptase-Polymerase let light, followed by 3% sodium thiosulphate (Sigma)
Chain Reaction (RT-PCR) for 5 min, and then counterstained with van Gieson.
Total RNA was harvested from cultured cells using Myogenic Differentiation. For myogenic differentia-Tryzol (Invitrogen) following manufacturer's instruction, cASCs cells were cultured in GM supplemented tions. The RNA was treated with DNase (Invitrogen). A with 0.1 µM dexamethasone (Sigma), 50 µM hydrocortotal of 1 µg of total RNA was reverse-transcribed with tisone (Sigma), and 5% horse serum (Gibco) for 45 SuperScript TM III First-Strand Synthesis System (Indays. After that cells were labeled with anti-myosin (1: vitrogen). All amplifications were performed in an MJ 100, Sigma).
Research PTC-200 thermocycler (MJ Research) for 24 cycles after the initial 2-min denaturation at 94°C. The Immunofluorescence PCR primers are listed in Table 1 . The PCR products Cells were fixed in 4% paraformaldehyde in PBS for were separated on 6% polyacrylamide gel by electropho-20 min at 4°C, permeabilized in 0.05% Triton X-100 in resis, stained with ethidium bromide, and visualized un-PBS for 5 min. Nonspecific binding was blocked with der UV light. Digital images were captured with Image-10% FBS in PBS for 1 h at room temperature. Cells Quant (GE Healthcare). were incubated with primary antibody (1:100) overnight cASCs Transduction With Lentivirus Vector at 4°C. After several washes, cells were incubated with secondary (1:100, Sigma) antibodies against mouse IgG
The visualization of cASCs cells for in vitro and in tagged with Cyanine 3 (Cy3; red) for 2 h at room temvivo studies can be improved if done with GFP-positive perature. Slides were counterstained with DAPI (4′-6cells. For this purpose we transducted cASCs with GFP diamidino-2-phenylindole, Sigma). All images in the lentivirus. same set (samples and controls) were obtained using the Supernatant containing the FUGW lentivirus (13) same photographic parameters of exposition and speed.
was produced as described previously by Strauss et al. Images were captured using the Axiovision 3.0 image (26) and concentrated by ultracentrifugation. Undifferanalysis system (Carl Zeiss). entiated cASCs at passage 2 were incubated at 37°C, in a six-well plate (Nunc), using a minimal volume of GM Flow Cytometry in the presence of vector particles (20 PFU/cell) and 8 µg/ml Polybrene (Sigma). After 4 h, 2 ml of GM was Cells were evaluated for cell surface protein expression using flow cytometry. The flow cytometry was per-added and the media was changed the next day. formed on Guava EasyCyte System (Guava Technolo-Karyotype Analysis gies) using a blue laser (488 nm). Cells were pelleted, resuspended in PBS at a concentration of 1 × 10 5 cells/ For evaluation of any chromosomal abnormality at latter passages, chromosome preparations were per-µl, and stained with saturating concentration of antibodies. Cells were incubated in the dark for 45 min at room formed in cASC cultures. Briefly, metaphase cells were Fig. 2E ). (0.075M KCl), and incubated for 20 min at 37°C. Cells were pelleted at 1000 rpm for 10 min and fixed by wash-cASCs from four unrelated dogs were characterized by flow cytometry for the expression of 10 cell surface ing three times in methanol/glacial acetic acid (3:1). Chromosome spreads were obtained by pipetting sus-proteins (CD13, CD29, CD31, CD34, CD44, CD45, CD73, CD90, CD105, and CD117). Cell viability was pension drops onto clean glass slides and air dried. The best metaphases were captured with Axioplan 2 micro-above 96% by Guava ViaCount reagent (Guava Technologies). scope (Zeiss) and analyzed with Ikaros 3 software (Zeiss).
At passage 4, the majority of cASCs expressed CD44, CD29 (β1 integrin) and CD90 (Thy1) adhesion RESULTS molecules. Other markers, including CD14, CD34, Characterization of cASCs CD45, and CD117, were consistently absent or expressed in few cells (Fig. 3) . Interestingly, CD13, cASC cultures were maintained in DMEM supplemented with 10% FBS. Supplementation with FBS has CD105, and CD73, known to be positively expressed in human ASCs, were negative in the canine ASC popula-been shown to be important for human ASC attachment and proliferation in vitro (35). We observed that cASCs tion, which might be explained by the nonspecific stain-ing of human antibodies in canine cells. As surface the mesenchymal nature of the isolated cells and their multipotent potential. markers are not sufficient for the identification or definition of mesenchymal stem cell (MSC), cASCs were subjected to differentiation studies for further confirmation Adipogenesis. cASCs showed a rounder shape after 7 days in adipogenic medium. Two weeks after initial of their MSC property.
The plasticity of cASCs was assessed after lineage induction, the adipogenic differentiation was confirmed by Oil Red O staining of lipid droplets present through-induction. Myogenic, adipogenic, chondrogenic, and osteogenic differentiation was demonstrated by the expres-out the cytoplasm (Fig. 4A ). Expression of FABP4 and LPL was seen only in adipo-induced cells (Fig. 5B ). On sion of myogenic markers (myosin), lipid vacuoles, mucopolysaccharide-rich extracellular matrix, and calcium the other hand, basal level of leptin mRNA was observed in noninduced control cells, and the expression deposits, respectively (Fig. 4) and by the expression of tissue-specific mRNAs (Fig. 5) . These results confirmed level was increased following adipogenic induction. Osteogenesis. cASCs exposed to osteogenic me-Chondrogenic Differentiation. After 21 days cultured in chondrogenic medium, cASCs cells were dium exhibited changes in cell morphology after 5 days in culture, showing a polygonal form. Mineral-stained with toluidine blue, showing the typical metachromasia of cartilage. Chondrogenic differentiation was ized nodular structures appeared in 1 or 2 weeks and were assessed by von Kossa Stain, which localized demonstrated by the mucopolyssaccharide-rich extracellular matrix (Fig. 4E, G) . Chondrogenic treatment re-the calcium deposits (Fig. 4C) . Expression of osteopontin, COL1A1, and BSP was observed only in in-sulted in specific expression of COL2A, SOX9, and aggrecan, all of which were undetected or had basal duced cells, with no basal expression in control cells (Fig. 5C ). expression in noninduced cells (Fig. 5D ). Myogenesis. After 10 days in myogenic medium, GFP Transduction of cASCs cASCs formed multinucleated structures. Controls maintained only with GM did not contain any multinucleated Transgene expression was examined by flow cytometry 72 h posttransduction. About 75% of cells structures. To confirm the myogenic differentiation, the expression of myosin by immunofluorescence was as-were GFP positive and GFP expression did not decline during culture passages (Fig. 6 ). To evaluate if sessed after 45 days (Fig. 4H) . The specificity of this assay was corroborated by the absence of staining in GFP interfered with the multipotent capacity of cASCs, both GFP-positive and -negative cells at suc-cASCs. Expression of myogenin, dystrophin, and MyoD was observed only in induced cells, with no basal ex-cessive passages were analyzed by flow cytometry and multilineage differentiation, revealing no influ-pression in control cells (Fig. 5A) . ence of GFP on the cellular response to inductive me-isolation of adipose stem cells from other mammals, such as rabbit, mice, horse, and pig (27, 29, 32, 33) . dia (Fig. 4) .
We observed that the plastic adherent cells obtained DISCUSSION after isolation can be expanded in vitro, reaching numbers that would be sufficient for a therapeutic assay, Zuk et al. (35) were the first to describe the isolation and characterization of human stem cells derived from without any numeric chromosome alteration. In addition, cASCs can be stored frozen in liquid nitrogen with-adipose tissue. These cells were able to differentiate into adipogenic, osteogenic, chondrogenic, and myogenic out cell death. During the first days in culture, endothelial cell popu-lineages when exposed to inductive media.
Human ASCs are usually obtained from fat tissue lations were found in the plates; however, these cells were not seen after passage 4. These data are in accor-that is discarded after liposuction cosmetic surgery (35). Adipose tissue can be harvested in large quantities with dance with Rodriguez et al. (21) , where the isolation of hASCs by adherence properties was reported. At pas-minimal morbidity in several regions of the body and, on average, 100 ml of human adipose tissue yields about sage 4, cASCs show a fibroblast-like morphology commonly found in mesenchymal stem cell (MSCs). The 1 × 10 6 stem cells (14) . In dogs, the adipose tissue can be collected by a simple adapted liposuction surgery, analysis of the cell surface markers showed that the cASCs cell population expresses the known immnophe-through biopsies or in routine veterinary surgery procedures because we could isolate cASCs from just 100 µl notype of MSCs (35). At passage 4 the majority of the cells are positive for CD29, CD44, and CD90. cASCs of adipose tissue.
In the present study we show the isolation and char-do not express the hematopoietic marker CD45, but 10% of the cells are CD34 positive. Traktuev et al. (28) de-acterization of the canine adipose-derived stromal cell (cASC) population. While this manuscript was in prepa-scribed that the population of CD34-positive cells that are found in human adipose stromal-vascular fraction ration, Neupane et al. (17) published an article reporting the isolation of canine adipose stem cells. However, are reside in a periendothelial location. The authors showed that these cells are CD31 negative. This result their article lacked important characteristics of the isolated cell population such as the immunophenotype, the is in accordance with our finding with cASCs, because we found CD34-positive cells but not CD31-positive myogenic and chondrogenic potential, and karyotype analysis at late passages. These characteristics are im-cells. This adherent cASCs cell population (CD34 + / CD31 − ) may also interact with endothelial cells at the portant for veterinary cell therapy and preclinical studies.
Our results show that cASCs can be harvested by a perivascular niche. However, further studies will be essential to identify the localization of these cells at the rapid process, an important step towards preclinical studies of cell therapy. Using this methodology, we were canine adipose tissue. In order to evaluate the MSC property of cASCs, we subjected them to differentiation able to harvest cells from 10 canine subcutaneous fat samples (2 from liposuction and 8 from biopsy) with a studies. MSCs are defined by their ability to self-renew and 100% rate of success. Other groups reported successful their capacity to generate committed cells in vitro and potential relevance to future canine veterinary tissue engineering and regenerative veterinary medical therapies. in vivo. Human ACSs can be induced to differentiate along the adipogenic, chondrogenic, and osteogenic lin-ACKNOWLEDGMENTS: We gratefully acknowledge our coleages using specific culture medium (32 (18) . In all 3 of our 10 lineages obtained we dem- for in vitro and in vivo preclinical evaluation and for the
